Epidemiological studies have indicated a link between certain neuropsychiatric diseases and exposure to viral infections. In order to examine long-term effects on behavior and gene expression in the brain of one candidate virus, we have used a model involving olfactory bulb injection of the neuro-adapted influenza A virus strain, WSN/33, in C57Bl/6 mice. Following this olfactory route of invasion, the virus targets neurons in the medial habenular, midline thalamic and hypothalamic nuclei as well as monoaminergic neurons in the brainstem. The mice survive and the viral infection is cleared from the brain within 12 days. When tested 14-20 weeks after infection, the mice displayed decreased anxiety in the elevated plus-maze and impaired spatial learning in the Morris water maze test. Elevated transcriptional activity of two genes encoding synaptic regulatory proteins, regulator of G-protein signaling 4 and calcium/calmodulindependent protein kinase IIa, was found in the amygdala, hypothalamus and cerebellum. It is of particular interest that the gene encoding RGS4, which has been related to schizophrenia, showed the most pronounced alteration. This study indicates that a transient influenza virus infection can cause persistent changes in emotional and cognitive functions as well as alterations in the expression of genes involved in the regulation of synaptic activities.
Viral infections can be associated with disturbances in the behavior of the host. 1, 2 In addition to generalized sickness behavior, such as lethargy, increased sleepiness, fever and social withdrawal, 3 -5 viral infections can produce cognitive, emotional and sensorimotor disturbances. [6] [7] [8] [9] The wide domains of behavioral functions affected by virus infection indicate that they target multiple functional circuits of the brain. We have previously described a model in which a transient infection with the influenza A virus strain WSN/33 is targeted to regions implicated in neuropsychiatric disturbances, that is, habenular and paraventricular thalamic nuclei, and hypothalamic and brainstem monaminergic neurons. 10 Influenza A virus was first isolated in ferrets by Wilson-Smith in 1933.
11 Material from this isolate was then passaged in mouse brain whereby two neuro-adapted strains were obtained, the NWS/33 and the WSN/33 viral strains. 12, 13 After intracerebral injection of the WSN/ 33 strain in mice, a lethal infection ensues with localization of viral antigen in the substantia nigra and hippocampus.
14 Since influenza A virus is an airborne pathogen that can invade the olfactory bulbs after intranasal instillation in experimental animals, [15] [16] [17] we used, in our model, injection of the WSN/33 strain into the olfactory bulbs to standardize the procedure and allow the virus to propagate further into the brain before being eliminated by the immune system. 17 In adolescent wild-type mice, the infection is nonlethal, and viral RNA and antigens are cleared at day 12 after infection. 18 Studies that aim at correlating behavioral disturbances with alterations in gene expression in different regions of the brain are of current interest in neuropsychiatric research. 19 For instance, differential expression of genes encoding proteins involved in the regulation of presynaptic function in the prefrontal cortex has been reported in patients suffering from schizophrenia. 20, 21 For one of these genes, encoding the regulator of G-protein signaling 4 (RGS4), a number of single nucleotide polymorphisms (SNPs) and transmission bias for certain of these SNPs was subsequently identified in a sample of individuals with schizophrenia. 22 This finding was recently replicated in an independent sample. 23 The risk of the development of neuropsychiatric disorders such as schizophrenia, however, most likely involves complex interactions between susceptibility genes and environmental factors, which could include viral infections.
The present study was conducted to determine whether our model of a transient influenza A virus infection targeted to distinct functional circuits in the brain is associated with long-term alterations in behavior of the mice and in the transcriptional activities of certain genes. We focused on the gene encoding RGS4, the transcriptional activity of which has been reported to be altered in postmortem brain tissue from individuals with schizophrenia. In addition, we analyzed the transcriptional activity of certain genes involved in neurotransmission and synaptic plasticity.
Materials and methods

Animals
Male C57BL/6 mice, 5-6 weeks old, from the breeding facility at the Department of Microbiology and Tumor Biology Center, Karolinska Institutet were used in the experiments. The choice of the age range of the animals is based on the fact that 5-6 weeks corresponds to early adolescence. In total, 10 mice were inoculated in their olfactory bulbs with influenza A/ WSN/33 virus, 10 mice were sham-operated and injected with cell culture medium, and 10 mice were used without any prior surgery.
Virus, virus titration and injection
Influenza A/WSN/33 virus (kindly provided by Dr S Nakajima, The Institute of Public Health, Tokyo, Japan) were propagated on Madin-Darby canine kidney (MDCK) cell monolayers in MEM (Life Technologies, Paisley, Scotland) supplemented with 2 mM L-glutamine, 0.01 M HEPES buffer and 0.2% BSA (all obtained from Sigma, St Louis, MO, USA) and penicillin G (50 IU/ml)/streptomycin (50 mg/ml) (Life Technologies). The virus titer was 1 Â 10 8 plaque forming units (PFU)/ml, as determined by plaque assay on MDCK cells in the absence of trypsin. 24 For virus inoculation, mice were anesthetized with Hypnorm s (0.315 mg/ml fentanyl citrate and 10 mg/ ml fluanisone; Janssen Pharmaceutica, Beerse, Belgium) and Dormicum s (1 mg/ml; F. Hoffmann-La Roche AG, Basel, Switzerland), 1 : 5, at a volume of 15 ml/kg intraperitoneally (i.p.). The mice were placed in a stereotactic instrument and 1 ml influenza A/WSN/33 virus suspension (10 5 PFU), or 1 ml cell medium (sham operations) were slowly (5 min) inoculated into each olfactory bulb at position 4.7 mm anterior, 1.0 mm lateral and 2.2 mm ventral to bregma. After surgery, mice were injected with 0.1 mg/kg Temgesic s 0.3 mg/ml subcutaneously (Reckitt and Colman, Hull, England) to relieve postoperative pain. All studies were conducted according to the institutional guidelines with the ethical committee approval.
Behavioral studies Animals were kept under standard laboratory conditions with free access to food pellets and tap water up to the time of the experiment. Animals were housed 5 per cage, in standard transparent A3 (42 Â 26 Â 20 cm) Macrolon s cages in a light-controlled room (12 h light/dark cycle, lights on at 0600) at 211C and 60% relative humidity. Mice were individually labeled from the start to monitor their body weight throughout the entire experiments. All experiments were performed between 1000 and 1500 hours. Table 1 summarizes the test schedule and the drug treatment of mice with respect to their age. All behavioral experiments were performed by the same operator. The animals were handled by the operator for a period of 5 days before the start of the behavioral experiments.
Drugs
D-Amphetamine hydrochloride (Apoteket, Sweden), freshly dissolved in saline, was administered i.p. (5 ml/kg).
Locomotor activity tests The animals were habituated to the experimental room for at least 60 min before the start of the experiment. This procedure has been described in detail elsewhere. 25 Briefly, mice were individually tested in locomotor cages. Motor activity was recorded by means of a multicage red and infrared-sensitive motion detection system. 26 Motility was defined as all movements of a distance of 4 cm or more detected by 48 horizontal photocells, and represents measurement of general activity. Locomotion was measured by counting the number of times an animal had covered eight horizontal photocells or moved from one side of the test cage to the other side (a distance of at least 32 cm). Rearing (vertical activity) was measured by counting the number of times an animal stands on its hind legs and interferes with any of the six invisible infrared beams passing horizontally through the cages adjusted to appropriate height.
Morris water maze task The water maze test was conducted in a circular water tank made from dark gray plastic, measuring 180 cm in diameter and 54 cm in height. It was surrounded by visual extra-maze cues throughout the experiment. 27 The tank was filled with opaque water (at 22-231C) and contained a circular transparent escape platform, submerged 1 cm Experimental procedure All animals were habituated to the experimental room for 30 min prior to testing.
Pretraining Mice were tested once four trials per day using a visible platform and different starting points in order to familiarize the animals with the paradigm and the general conditions. No external visual cues were provided during the pretraining procedure. Both platform position and starting position were randomized.
Training sessions During training the hidden escape platform was located in the southeast quadrant. The mice were trained on 5 consecutive days (four trials per day), with an intertrial interval of 30 min. In each trial, the mouse was gently lowered into the water facing the pool wall at one of four starting points (northwest, southwest, northeast or southeast pole), followed by initiation of recording. If the animal reached the platform, climbed on it and stayed for at least 3 s (criterion for a successful response), monitoring was automatically terminated. Once the mouse located the platform, it was allowed to stay for 10 s. If the mouse did not find the platform within 90 s, it was gently taken by hand and allowed to remain on the platform for 10 s. During each trial, the mouse's escape latency, swim speed and swim length were monitored by a computer connected to the video camera.
Retention test Retention performance was examined on day 6, that is, 24 h after the last acquisition trial in a probe trial. The mouse was released into the water tank from a position opposite to the original escape platform location during training and it was allowed to swim for 60 s. Three parameters were recorded, the time required to find the area where the platform used to be, the total number of platform site crossings and the time spent in each quadrants.
Passive avoidance The passive avoidance (PA) task was conducted as described previously in rats, 28 with minor modifications for mice. On the experimental day, mice were brought to the experimental room and habituated for 60 min prior to the start of the experiment. Thereafter, each animal was allowed to explore the two compartments of the PA system for 1 min, then removed from the PA apparatus and returned to their home cages. PA training was initiated by placing the mouse in the bright compartment with sliding door closed and no access to the dark compartment. Mice were allowed to explore for 60 s. Thereafter, the sliding door was automatically opened. Upon entry of the dark compartment with all four feet, the sliding door was automatically closed and a 0.2 mA current was applied via the grid floor for 2 s. After another 30 s in the dark compartment, the mouse was removed from the PA apparatus and returned to its home cage. The latency (step-through training latency) to enter the dark compartment was recorded.
Retention was tested 24 h after training (day 2). Each animal was placed in the bright (safe) compartment with access to the dark compartment. Latency to enter the dark compartment with all four paws was recorded (retention latency). If the animal did not enter the dark compartment within 300 s, the retention test was terminated and a maximum score of 300 s was assigned to the animal. The parameters recorded were as follows: the time spent on open arms, the closed arms and the central region, the total distance traveled during the experiment (locomotion index) and the number of crossing between closed and opened arms (exploration index). The ratio of open arm entries divided by total number of entries was calculated and used as an operational definition of activity-independent anxiety. To minimize the possible influence of olfactory cues, the testing apparatus was thoroughly cleaned with 70% alcohol between each mouse.
RNA extraction and reverse transcription
After the completion of behavioral testing, mice were killed under deep anesthesia, and the brains dissected out, frozen on dry ice and stored at À701C. Later, the frontal cortex and the cerebellum were rapidly dissected out from the brains (virus infected n ¼ 5, sham controls n ¼ 5), and coronal sections (0.5-1.0 mm thickness) cut from the following brain areas were punched out: amygdala, hypothalamus, striatum and the hippocampus. 29 Dissections were performed at À181C and each piece of tissue was immediately transferred into ice-cold lysis buffer (Qiagen, Hilden, Germany) and subsequently homogenized by sonication at 51C (Vibra Cell, Sonics and Materials, Danbury, CT, USA). Between each homogenization, the sonicator was cleaned by four consecutive runs in (i) 1 Total RNA was extracted from brain tissue by the use of the RNeasy kit (Qiagen). Following spectrophotometry (Ultrospec Plus, Pharmacia LKB Biotechnology, Uppsala, Sweden), 1 mg of total RNA was treated with 1 U of amplification grade DNase I (Life Technologies, Paisley, UK) for 15 min at room temperature and inactivated by the addition of 2.5 mM EDTA and heating to 651C for 10 min. The DNasetreated RNA was subsequently reverse transcribed in a 40ml reaction solution containing the following reagents from Invitrogen (Groningen, Netherlands): 450 ng of random primers 1 Â first strand buffer, 10 mM DTT, 0.5 mM each of dNTPs and 200 U of MoMLV reverse transcriptase (Superscript II). Finally, cDNA was synthesized at 421C for 60 min followed by heat-inactivation at 721C for 15 min.
Detection of viral RNA An amount of 1 ml of cDNA from each region of the brain from all infected mice was amplified using primers specific for segment 8 of the influenza A/ WSN/33 genome, see Table 2 . Samples were analyzed in 25 ml reaction volumes containing 1 Â Advantaq Plus PCR-buffer, 1 mM of forward and reverse primers, 200 mM of dNTPs and 1 Â of Advantaq Plus DNA polymerase. Amplification was performed in a GeneAmp 9700 (Applied Biosystems, Foster City, CA, USA) with initial heat activation at 941C for 2 min followed by 40 cycles of 941C for 30 s and 681C for 1 min. Double-stranded DNA was subsequently electrophoresed in 3% NuSieve Agar in 40 mM Tris, 20 mM acetic acid and 1 mM EDTA buffer (TAE). Double-stranded DNA was visualized by staining in 1 Â SYBR-Gold in TAE (Molecular Probes, Eugene, OR, USA) and documented on a GelDoc 2000 System (Bio-RAD, Hercules, CA, USA).
Quantitative real-time PCR (QRT-PCR)
The Primers used for quantification were designed using the Primer Express software (Applied Biosystems), see Table 2 . Initially, optimal concentrations of primers were established according to the guidelines from Applied Biosystems. Thereafter 10-fold dilutions of template were analyzed to establish the amplification efficiency for each primer pair. All samples were analyzed in triplicate in 25 ml reactions containing 1 Â SYBR Green PCR Master mix, 500 nM of forward and reverse primers, and 1 ml of cDNA on an ABI Prism 7000 Sequence Detection System (Applied Biosystems). The results were analyzed using Microsoft Excel following export of thresholdcycle values (C t ) from the Prism 7000 SDS software (Applied Biosystems). The amount of transcripts of each gene was normalized to that of the cyclophilin (DC t ). The relative difference in transcriptional activity of a certain gene in brain tissue between virusinoculated animals and control animals was calculated according to the formula 2
ÀðDC t infected ÀDC t control Þ . 30 It is to be noted that no statistical difference was seen in the transcriptional activity of the gene encoding cyclophilin (C t -values) between the two experimental groups in the brain regions examined using Student's The amplicons generated by each primer pair, respectively, were cloned (TOPO-TA, Invitrogen) and sequenced (KISeq, Karolinska Institutet, Stockholm, Sweden) in order to establish their specificity.
Statistics
Overall treatment effects of the behavioral experiments were examined using a repeated measures twoway analysis of variance (ANOVA). For each significant F-ratio, Fisher's protected least-significant difference (PLSD) test was used to analyze the statistical significance of appropriate pairwise comparisons. A significance level of Po0.05 was accepted as statistically significant and all post hoc tests were twotailed.
An unpaired Student's t-test (two-tailed) was used to analyze DC t -values from real-time PCR analyses comparing sham-operated and infected mice. The PRISM software (Version 3.0, GraphPad, San Diego, CA, USA) was used for these analyses. In the analyses of the gene expression, a hierarchical fixed testing sequence procedure based on repeated testing at Po0.05 level was used. 31 
Results
Locomotor activity
Analysis of spontaneous locomotor activity with an overall two-way ANOVA revealed neither time effect (F(2,459) (Figure 1a) . The group Â time interaction was not significant (statistical results not shown), indicating no significant differences between the three experimental groups. After a 90-min habituation period, the animals were injected with D-amphetamine (1.5 mg/kg i.p.) and reintroduced into the locomotor cages for an additional 90 min period. All three groups of mice responded to the amphetamine administration with an increase in locomotor Influenza virus and behavior S Beraki et al activity (Figure 1b) . However, the different groups did not differ in their response to D-amphetamine and no interaction between group Â time was found.
After an ample period for washout of D-amphetamine (5-6 weeks, see Table 1 ), a second D-amphetamine (3 mg/kg) challenge was examined in the locomotor test. An ANOVA revealed no group difference (F(2,26) ¼ 0.48, NS) in the response to the 3 mg/kg dose of D-amphetamine, but there was a tendency for an interaction between group and time with regard to locomotion (F(2,208) ¼ 1.97, Po0.02) (Figure 1c) but not with regard to motility (F(2, 208) ¼ 1.42, NS) (Figure 1f) . The virus-infected mice displayed a temporal course of amphetamine stimulation of locomotion with a later onset compared with controls and operated animals (Figure 1c ).
Learning and memory
Morris water maze task Pretraining: As indicated in Figure 2a , the three groups tested did not differ in their ability to navigate to the visible platform as indicated by a significant decrease in latency and swim distance to reach the platform between the first and last session of training. Thus, no significant main effect of group, or group Â day interaction was seen in latency (F(2,27) ¼ 0.10, NS), swim speed (F(2,27) ¼ 0.34, NS) and swim length (F(2,27) ¼ 0.084, NS). Spatial acquisition: There was highly significant difference between groups with regard to swim latency (F(2,27) ¼ 9.68, Po0.001) (Figure 2c ), but no significant interaction between group and training session (F(2,108) ¼ 1.19, NS).The two control groups acquired the spatial learning task as indicated by a significant decrease (Po0.001) in escape latency over the 5 days of training. Post hoc analysis of the escape latency with the PLSD-test indicated that the infected mice were significantly impaired in their ability to acquire the task compared with the two control groups on days 2, 3, 4 and 5 (Po0.01). In addition, swim distance was significantly altered (F(2,27) ¼ 5.62, Po0.01) (Figure 2c) . The virusinfected mice swam a longer distance than the sham or naive control groups (Po0.02, vs the sham group; Po0.004, vs the naive control group) to find the platform. Furthermore, swim speed was significantly changed (F(2, 27) ¼ 5.84, Po0.01) (Figure 2d ) and a significant interaction between groups and days was also found (F(2, 108) ¼ 2.39, Po0.02). The subsequent post hoc comparison showed that the virus-infected mice had a slower swim speed (Po0.01) than the control groups from the second day of training (Figure  2d) . Notably, the virus-infected group did not differ from the control group in swim speed on the first day of training. Spatial retention test: No significant difference was observed in swim speed (F(2, 27) ¼ 2.83, NS) among the three groups, but the virus-infected mice displayed a significantly (Po0.05) slower swim speed than the control group. The virus-infected mice tended to cover a significantly shorter swim 
Gene expression analyses
The highest transcriptional activity of the gene encoding RGS4 was detected in the striatum and in the frontal cerebral cortex both in control and virusinfected brains (Table 3 ). The transcriptional activity of this gene was upregulated in the hypothalamus and cerebellum of influenza A-infected animals by 3.3-and 2.1-fold, respectively, when compared with sham-operated controls (Table 3 ). The additional seven genes examined, that is, those coding for 5HT1AR, GAD65, GAD67, GluR1, NMDAR1 and Syp were unaltered with the exception of CaMK2a. The transcriptional activity of the gene encoding CaMK2a was upregulated in the amygdala and hypothalamus by 2.2-and 2.0-fold, respectively in the influenza A virus infected animals as compared to sham-operated control animals (Table 3) .
Viral RNA could not be detected in any of the regions examined.
Discussion
The present study shows that the influenza A virusinfected mice exhibited long-term behavioral changes related to measures of anxiety (elevated plus-maze) and cognition (spatial learning) combined with alterations in gene expression in certain regions of the brain. No viral RNA was found in the infected mice after the completion of the behavioural testing. This is consistent with our previous finding in influenza A virus-infected wild-type mice in which no persistence of viral RNA was found in either brains or lungs after olfactory bulb injection or intranasal instillation, respectively. 10, 17 The infected mice displayed an elevated transcriptional activity of the genes encoding RSG4 as well as CaMK2a in the amygdala, hypothalamus and/or cerebellum as compared to sham-operated control animals. Importantly, these alterations were observed 3-4 months after the infection had been cleared. RGS4 is a member of a newly discovered class of proteins, which modulate the function of G-proteins to reduce the duration of the activated GTP-bound state of the a subunit. The expression of RGS4 is dense in the neocortex, piriform cortex, striatum and ventrobasal thalamus. 6 The gene encoding RGS4 is transcriptionally active during neurodevelopment with peak expression in the hippocampus between postnatal day 12 and 18. 32 Although several types of stimuli have been shown to elevate RGS-encoded mRNA levels in lymphocytes, [33] [34] [35] little is known about its regulation in the brain. In the prefrontal cortex from schizophrenia patients, the expression of this gene is reduced, while the expression is unchanged in patients with major depressive disorders as compared to control individuals. 21 Another gene found to be differentially expressed, CaMK2a, has been implicated in hippocampal synaptic plasticity and memory in mice. 36 This enzyme is activated by calcium influx through NMDA receptors 37 and it appears to be required for permanent memory functions in the cortex. 38 The transcriptional activity of the gene encoding CamK2A was recently reported to be elevated in the prefrontal cortex of individuals with a diagnosis of bipolar disorder as compared to individuals with a diagnosis of major depression or healthy controls. 39 The behavioral changes reported in the present experiments appear not to be a result of olfactory bulb lesions caused by the viral injection. Such lesions can cause abnormal stress-induced increases in locomotor activity, but also induce irritability or impulsitivity. [40] [41] [42] [43] This was not observed in this study in which the major finding was an impairment in the ability of infected mice to acquire the spatial learning task, which is dependent on hippocampal functions. 44 However, infected mice were not significantly impaired in PA retention. This aversive learning test, which is based on classical (Pavlovian) fear conditioning, appears to involve functional circuits in the limbic forebrain regions, for example, hippocampus and amygdala. 45 The difference in performance in the spatial learning and aversive conditioning tasks indicates that the virus infection affected certain functional circuits in the limbic forebrain and that the spatial learning impairment is not due to a general deficit.
An involvement of the limbic brain regions is further supported by the observation of an alteration in anxiety-related behavior seen in the infected animals as compared to the control animals. The infected mice spent more time and also moved more than controls on the open arms of the elevated plusmaze test. This observation suggests that the infected mice exhibit reduced anxiety-like behavior compared with control mice. This reduced level of anxiety-like 45, 46 This notion is also supported by the gene expression data, indicating that the transcriptional activation of the gene encoding CamK2a was elevated in amygdala of infected animals when compared with control animals. These alterations may therefore be correlated to the neuroanatomical targeting of the virus to distinct brain regions, which include the paraventricular midline thalamic nuclei, the medial habenulae, and hypothalamic and the monoaminergic brainstem neurons. The paraventricular thalamic nucleus and the habenular nuclei serve as relay nuclei; the former projects to the nucleus accumbens, amygdala and hippocampus, 34 and the latter connect limbic and striatal forebrain areas with lower diencephalic and mesencephalic centers. 47 Thus, these nuclei are in the position to modulate functions such as sensory gating through the thalamus and reward mechanisms through the dopaminergic neurons of the ventral tegmental area, 47 which is a site of infection in the present model. Moreover, the lateral hypothalamic nuclei, important for motivation and emotional behaviors, and the posterior mammillary nuclei, known to play a role in learning and memory, 45 could also be involved, since infected neurons are found in these brain areas in the present model. 10 In view of evidence for dysfunctional corticocerebellar-thalamic-cortical circuit in schizophrenia, 48 the observation from the present study that the transcriptional activity of the gene encoding RGS4 was elevated in the cerebellum is of particular interest. This finding further underlies the hypothesis that influenza A virus infection can affect multiple functional circuits throughout the brain.
In conclusion, our study demonstrates that a transient nonlethal influenza A virus infection in the brain can cause persistent changes in cognitive and emotional behavior combined with alterations in expression of genes that regulate synaptic functions in amygdala, hypothalamus and cerebellum. It is of particular interest that the gene encoding RGS4, which has been related to schizophrenia, showed the most pronounced alteration. 23 The present findings may therefore shed light on possible pathogenetic mechanisms underlying certain behavioral phenotypes. This result also shows that models using animals based on virus infections targeting distinct regions of the brain may yield insights on genes governing behavior.
